Irradiation with red light results in the conversion of phytochrome to its far red-absorbing form (2) . The physiological expression of Pfr is possible only if the irradiated cells are not subjected to low temperature (9, 17) and if they have sufficient oxygen available (1, 9, 16) . Another limiting factor for the manifestation of the red light response is the hydration of the cell (7, 13, 18) .
Water stress has been reported to inhibit cell division and elongation (3), protein synthesis, and enzyme activity (10) .
Limited hydration of lettuce seeds is used in this report as a tool to separate the photoconversion of phytochrome from subsequent dark reactions (6, 13, 18) . The degree of hydration allowing phytochrome conversion by light was found to be lower than that necessary for germination. The endurance and reversibility of the original red light stimulus is interpreted in terms of possible Pfr reversion (11, 12, 14) .
MATERIAL AND METHODS
Seeds of Lactuca sativa cv. Grand Rapids (dark strain) were obtained from Abbott and Cobb, Philadelphia. Pyrex Petri dishes of 10 cm diameter contained two layers of Whatman filter paper No. 1 and 60 ± 5 seeds. After the addition of 5 ml 1Part of this research was supported by the National Air and Space Administration, Grant NAS 2-2432.
of distilled water or osmoticum (solutions of sucrose, mannitol, or KCl) the dishes were transferred to darkness and kept at 24 C. After a 3 hr-preincubation in darkness, all samples except the dark controls were exposed to 1 min of red light (= 0 hr reference point) and returned to darkness. Some of these samples received 1 min of far red light after varying delays (red-far red). After far red exposure the seeds were transferred onto water-soaked filter paper in Petri dishes. Other samples were transferred to water at the same time (red). The transfer of seeds from the osmoticum to water was done in darkness. Generally the experiments reported here were done without any safelight. Other seeds incubated only in distilled water received identical light exposures (water control).
Seed germination was usually determined after 48 + 3 hr.
Exceptions are stated. Seeds showing their radicula were considered to have germinated. Each point on a graph represents the average of one treatment performed three times on different occasions except where noted differently. Light Sources. The red light source consisted of two fluorescent tubes (Sylvania F15T8-Red, 15 w each) with an emission peak near 660 nm. The tubes were mounted with a reflector 22 cm above the sample. A liquid filter of 3% CuSO4 solution in distilled water, 1 cm thick, was included in the light path. The light intensity at the sample level was about 1 X 10' ergs/cm'-sec as measured with a Model 65 radiometer from Yellow Springs Instrument Company.
The far red light was derived from a standard incandescent bulb, 100 w, inside frosted, mounted without a reflector 18 cm above the sample. The light passed through a 1-cm layer of distilled water and a Kodak Wratten gelatine filter No. 89 B before reaching the seeds. The light intensity at the sample level was about 2 X 10' ergs/cm"sec.
Except where noted differently, the exposure time was 1 min. This was a saturating dose in both red and far red irradiation.
RESULTS
Incubation with Distilled Water. Less than 10% of the lettuce seeds germinated in darkness. Others were exposed to 1 min of red light after taking up water for 3 hr. About 95% of these germinated within 48 hr. One min of far red light did not induce germination. Far red light applied immediately after red light fully reversed the initial induction. The effectiveness of far red light decreased with elapsed time between red and far red exposures. Far red light had no reversing effect when applied 14 hr after red light induction. These observations are in accordance with published results (8, 9) .
Continuous Incubation in Sucrose. Osmotically active substances impaired seed germination. Seeds were exposed to 1 min of red light after 3 hr of contact with sucrose solutions Seeds were placed on sucrose solution, exposed to 1 min of red light 3 hr later and transferred to distilled water at various times after red illumination, either without additional light exposure (red, 0), or exposed to 1 min of far red light just before transfer (red-far red, 0). Seed germination was determined about 48 hr after transfer to water. Water control refers to red-far red treated seeds kept on water throughout the experiment. time (Fig. 2, water control) . Incubating seeds temporarily in sucrose without exposure to light did not bring about germination.
Other osmotica were applied to determine whether these results were unique to sucrose. The use of 0.3 M mannitol (Fig. 3, dashed curves) Incubating seeds with 0.3 M mannitol or with equivalent osmotic solutions kept only one-half of the seed population in the prolonged state of far red sensitivity. This could be due to a nonsaturating dose of far red light. Experiments with a 3-or 10-fold dose of far red energy did not increase the reversibility of the seeds. Another factor to be considered was the concentration of the osmoticum. Incubating seeds with 0.6 M mannitol maintained them in a state of almost complete far red reversibility for well over 15 hr after light induction (Fig. 3 , solid curve red-far red). But the retention of the initial red light stimulus also decreased faster, as a consequence of the high osmotic concentration. About 75% of the seeds germinated after 15 hr and only 40% germinated after 25 hr on 0.6 M mannitol (Fig. 3, solid curve red) .
The drop in germination after prolonged incubation in an osmotic medium could be due to a fading red light stimulus or to permanent damage, which would render the system insensitive to additional stimuli. To resolve this, seeds were kept in 0.6 M mannitol for 21 hr after red light exposure. About 50% of these seeds germinated in response to the original red light induction (Fig. 4) . Most of those were still far red reversible. The osmotic incubation had halted the dark processes in those seeds, keeping the system susceptible to the reversion by far red light. An additional dose of red light at the time of transfer to water resulted in full germination (Fig. 4) . This shows that the nongerminating seeds were still capable of germination provided they received a second red light stimulus after the osmotic incubation.
Since osmotica interfere with water uptake of cells, their hydration is lower than when the seeds are incubated with water. The results reported here indicate that seed hydration is a critical factor in the manifestation of the phytochrome controlled response. A different technique, using water vapor as a means to establish different levels of seed hydration (6), has led to comparable results. Cell water content appears to (Fig. 1) .
Intermittent Application of Osmoticum. Seeds incubated with 0.3 M sucrose were exposed to 1 min of red light after 3 hr in the dark and transferred to distilled water at various times thereafter. Transferring the seeds immediately after red light exposure resulted in high germination. A slow decline in germination was observed after delaying the transfer to distilled water (Fig. 2, red) . Other seeds received the same treatment but they were also exposed to 1 min of far red light at the end of the sucrose incubation. The increasing germination of these seeds indicates that their far red sensitivity diminished while in 0.3 M sucrose (Fig. 2 , red-far red) but at a slower rate than when seeds are incubated with water. About 50% of the sucrose-incubated seeds were still reversible by far red light 14 hr after the initial red light exposure, whereas water-incubated seeds had completely lost their sensitivity to far red light at that Germination was determined about 48 hr after transfer to water. K K~i ( r -) 1 PHYTOCHROME IN PARTIALLY HYDRATED SEEDS be as important in phytochrome physiology as temperature (9, 17) and oxidative metabolism (1, 9, 16) .
Rate of Fresh Weight Increase. The significance of hydration might be interpreted in terms of enzyme activation (10) or might be related to the hypothesis that the far red absorbing form of phytochrome changes the permeability of the cell membrane (5) .
Nonimbibed lettuce seeds are low in water content and insensitive to light. When incubated in water they absorb water initially by physical processes (15) . Light sensitivity develops during this period. Eventually the seed must take up additional water to achieve germination and growth. The time course of fresh weight increase of viable lettuce seeds was measured and compared to water uptake by heat-killed seeds subjected previously to dry heat of 120 C for 1 hr. Such heat-treated seeds did not germinate during a 48-hr incubation with water. The results (Fig. 5) show that viable seeds take up water rapidly for about 5 hr in a pattern similar to heat-killed seeds. After this initial surge, the water content of viable seeds does not increase appreciably for about 12 hr. No difference was detected during that time between red light exposed seeds and seeds kept in the dark. Seeds which do eventually germinate, show an additional increase in fresh weight beginning about 15 hr after red light exposure. Such an increase is not experienced by seeds kept in the dark. The increased fresh weight of red light exposed seeds coincides with the protrusion of the radicula through the fruit coat of the seed (8).
DISCUSSION
Hsiao and Vidaver (6) used a method where lettuce seeds were exposed to water vapor for a short time. They found that a water content of 16% is sufficient to permit phototransformation of phytochrome. Seeds of this water content remained photoreversible for at least 24 FIG. 5. Fresh weight increase of seeds incubated in water. Some seeds were subjected to dry air of 120 C for 1 hr (heat-killed seeds). This resulted in a weight loss of 4 mg/100 seeds from the initial fresh weight of 88 mg/100 seeds before soaking. Other seeds had no pretreatment (viable seeds). Fresh weight increase was determined at various times thereafter. Each lot of seeds was weighed once and then discarded, except for the heat-killed seeds which were weighed repeatedly. Each point on the graph represents the average of three separate weighings. Heat killed seeds (X); viable seeds kept in darkness (0); viable seeds exposed to 1 min of red light after 3 hr of incubation (Q). Viability of seeds after incubation in 0.6 M mannitol. Some seeds were kept with 0.6 M mannitol for 24 hr and transferred to water without any light exposure (dark). All other seeds were incubated in 0.6 M mannitol for 3 hr, exposed to 1 min of red light (= 0 hr reference point) and kept on 0.6 M mannitol for the next 21 hr. Some seeds were transferred to water without additional light exposure. The remaining seeds were subjected to 1 min of far red (fr) or 1 min of red (r) light either alone or followed by 1 min of the opposite light quality. All seeds were then transferred to distilled water. Germination was determined 48 hr later.
to take up 40% water experienced a progressive loss of photoreversibility.
The experiments reported here show that incubating seeds with 0.3 M mannitol allows about half of them to escape from far red reversibility. They will germinate after transfer to water in spite of far red exposure (Fig. 2) , i.e., they have escaped phytochrome control. The use of 0.6 M mannitol keeps all the seeds in a photoreversible state. However, these seeds take up about 70% water (Table I ). This indicates that the smaller quantities of water taken up from water vapor (6) are sufficient to bring about the same extent of physiological activation, as the quantity of water necessary when the seed is incubated with a mannitol solution. A possible explanation for this observation might be found in reports that mannitol will enter living cells, although at a slow rate (4, 20) . Thereby mannitol would contribute to the endogenous suction force of the cell, which would require additional water uptake for the same level of hydration. Another possibility is that mannitol causes the mobilization of osmotically active substances within the cell (19) . The limit of water uptake from a mannitol solution would be reached when an equilibrium was established between the osmotic force of the cells and the solution.
The results show that phytochrome-induced processes are inhibited in seeds subjected to a specific level of hydration. Yet most of the seeds still respond to the initial red light exposure when full hydration is restored. This suggests that partial hydration does not permit Pfr to revert back to Pr, at least not in the germinating seeds. The fact that the seeds are still responsive to far red irradiation at the end of the 1- Plant Physiol. Vol. 53, 1974 osmotic stress indicates that Pfr is still available in those seeds (12, 14) . However, certain changes are taking place during limited hydration, because the fraction of seeds not responding to the initial red light stimulus increases with time. In those seeds Pfr may have reverted back to Pr since they are still fully responsive to a second red irradiation (Fig. 4) .
